Glutamate transporters (excitatory amino acid transporter (EAATs)) are critical for normal excitatory signaling and maintaining subtoxic glutamate concentrations in mammalian central nervous system. Recently, a crystal structure for a homologous transporter in bacteria was reported. Still, little is understood regarding the mechanism of substrate uptake. In transmembrane domain 4, the mammalian EAATs contain a stretch of over 50 amino acids (4B-4C loop) that are absent in the bacterial protein. These residues have been suggested to be located in the large extracellular vestibule seen in the crystal structure. State-dependent trypsin-cleavage sites have been reported in this region, suggesting that the 4B-4C loop undergoes significant conformational changes. Here we employed substituted cysteine accessibility, voltage clamp fluorometry, and fluorescence resonance energy transfer on oocytes expressing mutant EAAT3 transporters to determine the location and functionality of the 4B-4C loop. We find that this loop extends from near the center of the protein and that the majority of the residues are positioned on the outer perimeter of the protein, rather than inside the vestibule. Our fluorescence resonance energy transfer measurements demonstrated that these residues do not undergo large scale motions during glutamate uptake. However, our voltage clamp fluorometry studies indicate that these residues report on Na ؉ and glutamate bindinginduced conformational changes, including a previously un-described voltage-independent component of Na ؉ binding to the transporter. The finding that residues far from the glutamatebinding site report on several different types of binding events suggests that the series of small conformational changes that accomplish glutamate uptake extend throughout the transporter structure.
Glutamate is the primary excitatory neurotransmitter in the mammalian central nervous system. Extracellular glutamate concentrations are tightly regulated by high affinity, sodiumdependent excitatory amino acid transporters (EAATs) 2 located at or near the synapse. EAATs are involved in regulating glutamatergic signaling, transmitter recycling, and maintaining subtoxic extracellular glutamate levels. Five members of the glutamate transporter family (EAAT1-5) have been cloned, which are localized in both glial cells and neurons (for review see Ref. 1) . Glutamate transport is coupled to and driven by the co-transport of sodium, proton, and potassium ions down their electrochemical gradients (2) . Little is understood, however, regarding conformational changes that occur during the transport process.
A crystal structure for a glutamate transporter homologue, Glt PH , found in Pyrococcus horikoshii has been reported (3) . Although the crystal structure has provided invaluable information for studying EAAT structure and function, it is a static picture and does not provide the necessary information for determining the mechanism of glutamate transport. The classical model for transporter function is an alternating access scheme, in which two gates at opposite ends of a diffusion channel alternately open and close. This allows the substrate alternating access to binding sites in the transporter and thereby prevents an open channel state. To date, however, there is no specific structural evidence for intracellular and extracellular gates or for a diffusion pore for substrates.
Our previous results demonstrated that mammalian and bacterial glutamate transporters are similar in structure (3, 4) . Both transporters appear to assemble into a trimer with a bowlshaped external vestibule. Each subunit has its own substratebinding site and can mediate glutamate transport independently from the other subunits (3) (4) (5) . Despite these structural similarities, however, bacterial and mammalian transporters share less than 40% sequence homology. One particular region of discrepancy is found in transmembrane domain (TM) 4. This domain includes three separate helices as follows: 4A, 4B, and 4C (3) . In mammalian EAATs, a span of over 50 amino acids (hereby called the 4B-4C loop), which is absent from the bacterial sequence, extends from between TM 4B and TM 4C (Fig.  1A) . The juncture of these two helices is located very close to the bottom center of the vestibule (Fig. 1B) . It is unclear, however, where these 50 extra residues are located within the context of the bacterial crystal structure, i.e. it is unknown whether they fill the vestibule or whether they reside outside the perim-eter of the crystallized transporter protein. State-dependent trypsin cleavage sites have been identified in this region, indicating that significant conformational changes may occur here during glutamate transport (6) . In this study we use substituted cysteine accessibility, voltage clamp fluorometry (VCF), and fluorescence resonance energy transfer (FRET) on EAAT3 transporters expressed in oocytes to determine the location and functionality of the 4B-4C loop.
EXPERIMENTAL PROCEDURES
Expression of EAAT3 Transporters-The human EAAT3 isoform was used for this study. Site-directed mutagenesis, in vitro synthesis of RNA, and RNA injection into Xenopus laevis oocytes were performed as described previously (7) . Briefly, stage IV-V oocytes were defolliculated via collagenase treatment, followed by injection with 50 ng of RNA and incubation at 8°C in sodium Ringer's solution (in mM: 98.5 NaCl, 5 HEPES, 1.8 CaCl 2 , and 1 MgCl 2 , pH 7.5). Oocytes were moved to 15°C 12-15 h before experiments began. Experiments were performed 3-5 days after injection.
Electrophysiology-Currents were measured with the twoelectrode voltage clamp method as described previously (7) . Glutamate-induced currents were calculated by subtracting the current measured in sodium Ringer's solution from the current measured in sodium Ringer's solution containing 1 mM glutamate.
In experiments where reversal potential was measured, we assumed intracellular values of [Na ϩ ] i ϭ 10 mM, [K ϩ ] i ϭ 70 mM, pH i ϭ 7.3, and [excitatory amino acid] i ϭ 12 mM (2). Calculation of the transport-voltage relationship was performed using Equation 1 for membrane potential (⌿) at equilibrium,
Cells were first dialyzed for 12 h in Cl Ϫ -free Ringer (in mM: 98 sodium gluconate, 1.8 calcium gluconate, 1 magnesium gluconate, 5 HEPES, pH 7.5). Shifts of the transporter reversal potential in response to varying external concentrations of Na ϩ or L-glutamate were then determined from the current blocked by 100 M DL-TBOA (Tocris) (2) . When reversal potential shifts in response to varying glutamate (10, 30, or 100 M) were measured, solutions contained the following (in mM): 60 sodium gluconate, 40 potassium gluconate, 1.8 calcium gluconate, 1 magnesium gluconate, and 5 HEPES. When reversal potential shifts in response to varying Na ϩ (20, 60, or 120 mM) were measured, solutions contained the following (in mM): 40 potassium gluconate, 1.8 calcium gluconate, 1 magnesium gluconate, and 5 HEPES; sodium gluconate was replaced by N-methyl-D-glucamine-gluconate to maintain osmolarity.
FRET Measurements-Intersubunit FRET was measured as described previously (4) . Briefly, we first measured the labeling kinetics for each residue with donor fluorophore (AlexaFluor-488-C 5 -maleimide: Molecular Probes) ( Table 1 ). The time constant was determined from the following equation: L(t) ϭ 1 Ϫ e Ϫt/ , where L ϭ labeling and t ϭ time. Oocytes expressing the individual mutant transporters were then labeled to 10% of maximum fluorescence with AlexaFluor-488 in sodium Ringer's solution, which resulted in the majority of transporters having one subunit labeled with donor fluorophore. Next, the fluorescence spectrum from the donor-labeled oocyte was measured on a Zeiss laser scanning 510 confocal microscope, using the Zeiss META detector and exciting with a 488 nm argon laser. The oocyte was then labeled to saturation with tetramethylrhodamine-MTS (TMR-MTS; Toronto Research Chemicals, Toronto, Canada), and the fluorescence spectrum was measured again after the nonbound rhodamine was washed out.
To measure intersubunit movement, spectra were measured in a sodium-free solution (98.5 mM choline-Cl, 5 mM HEPES, 1.8 mM CaCl 2 , and 1 mM MgCl 2 , pH 7.5) and a sodium Ringer's solution with 1 mM glutamate, before and after the TMR-MTS application. FRET efficiencies were measured as the decrease of the donor (AlexaFluor-488) fluorescence was caused by the acceptor fluorophores (TMR-MTS). Donor fluorescence was measured at 520 nm. To estimate intersubunit FRET distances, Equation 2 was used,
where k FRET ϭ 2/ D ϫ (R 0 /R) 6 ; where k FRET is the energy transfer rate; the Förster distance R 0 is given by
, where is the orientation factor; n is the refractive index of the solvent; Q is the quantum yield; and J() is the spectral overlap between the donor emission and acceptor absorption. R 0 was estimated for AlexaFluor-488 and TMR to be 50 Å, and 2 was assumed to be 2/3. Equation 1 assumes that there are two equidistant acceptors for each donor (4) . Uncertainties in the 2 and n can lead to errors in the estimates of R 0 . We have here assumed that the refractive index n between the donor and acceptor is that of water (n ϭ 1.33). It is possible that part of the protein is between the donor and the acceptor. However, the refractive index of protein (n ϭ 1.36 -1.55 (8) ) is very similar to that of water. In addition, R 0 is proportional to the 6th root of 1/n 4 . Therefore, protein between the donor and the acceptor can only cause a maximal error in the estimated distance R between the donor and the acceptor by Ͻ11%. We measured the anisotropy to estimate the possible range of values for 2 for all residues (see below and Table 1 ). The range of possible 2 was within 0.5-1.2 for all residues. This range corresponds to a worst case error in R 0 of 5 Å. Most likely the errors are much smaller because the estimates of 2 do not take into consideration the depolarization attributable to the FRET process itself (9) .
Anisotropy and 2 Range-Anisotropy was measured as described previously (4) . Briefly, anisotropy was measured from oocytes labeled with only AlexaFluor-488 (donor anisotropy, r d ) or TMR-MTS (acceptor anisotropy, r a ). The collimated emission signal was split into parallel and perpendicular components by using a polarizing cube beam splitter, and the two components were measured simultaneously. Equation 3 for anisotropy (r) was used.
where I ʈ is the parallel and I Ќ is the perpendicular emitted light with respect to the polarized excitation light. The error bound in the distance measurements was calculated by setting the upper and lower limits for 2 by using anisotropy values for the donor (r d ) and acceptor (r a ) as shown in Equation 4,
where , respectively. r 0 is the fundamental anisotropy (9) .
Voltage Clamp Fluorometry-VCF experiments were performed as described previously (7). Oocytes were labeled for 60 min with 10 M AlexaFluor-546-C 5 -maleimide (Molecular Probes) in sodium Ringer's solution. Fluorescence changes were recorded under voltage clamp using an upright microscope (Leica) with a ϫ20 quartz objective and a photo-diode (pin-020A, UDT Sensors, Inc.). The objective was focused on the animal pole, and fluorescence was monitored through a rhodamine filter cube: exciter, HQ545/ϫ30; dichroic, Q570LP; and emitter, HQ620/60m. Fluorescence signals were low passfiltered at 200 -500 Hz and digitized at 1 kHz. Fluorescence traces were monitored with Clampex 8.2 (Axon Instruments, Inc.).
RESULTS
The amino acid residues between TM 4B and TM 4C, i.e. the 4B-4C loop, which are present in the mammalian EAATs but not in the bacterial homologues, have been postulated previously to be accessible to the extracellular milieu (10 -12) (Fig.  1A) . To determine the location of the 4B-4C loop in relation to the rest of the protein structure, as well as to determine whether conformational changes occur in this region during substrate transport, we introduced cysteine residues at ϳ10 residues apart, from Glu-152 to Met-205 (human EAAT3 numbering). Expression and current-voltage relationships (I/V) for these mutants were very similar to those of wild-type EAAT3 (data not shown).
Modification of the introduced cysteine residues with 1 mM MTSET for 5 min had only a small or modest (Ͻ25%), if any, effect on the uptake currents ( Fig. 2A) . Furthermore, fluorescent maleimide probes (AlexaFluor-546) could be attached to each of the cysteine residues. Labeling with 10 M AlexaFluor-546 for 60 min resulted in a minimum of 5-fold greater fluorescence labeling over wild-type EAAT3 for each of the cysteine mutants (data not shown). The I/Vs for glutamate-induced currents in the fluorophore-labeled mutants were similar to those of unlabeled mutants and wild-type EAAT3 (Fig. 2B) .
To characterize the relative position of the 4B-4C loop as well as the nature of the conformational changes that may occur in this region, we used FRET on the mutant transporters expressed in Xenopus oocytes. We have successfully used FRET on human EAATs in the past, and we found that our distance measurements align with those within the crystal structure of the bacterial homologue Glt PH (4) . We first measured the kinetics for labeling each of the cysteine mutations with AlexaFluor-488 (donor fluorophore; Table 1 ). Interestingly, the cysteine residues introduced in the 4B-4C loop had relatively fast labeling time constants compared with those of the introduced residues in other regions of the protein (4). This suggests that the 4B-4C loop is located in a region that is readily accessible to the extracellular solution. Similar to our previous methodology (4), we used the labeling time constant to calculate the amount of donor fluorophore needed to label 10% of the introduced cysteines. This amount of labeling corresponded to ϳ90% of the donor-labeled EAAT3 multimers having only one of three labeled subunits (4) . After measuring the fluorescence from the donor-labeled cells, we labeled with a saturating dose of acceptor fluorophore (TMR-MTS). We used the subsequent percentage of decrease in donor fluorophore, which is directly related to the FRET efficiency (E), to calculate the distance between fluorophores (13). Our distance calculations were based on a trimeric architecture for EAAT3, with one donor fluorophore and two equidistant acceptors. 
FIGURE 2. Substrate-induced transporter currents in EAAT3.
A, currents at Ϫ80 mV were measured in oocytes expressing mutant EAAT3s before and after exposure to 1 mM MTSET for 5 min. Currents are represented as percentage of the current before MTSET modification. B, representative current/ voltage relationships for E152C (F), Y162C (ϫ), S173C (OE), S183C (), S193C (ࡗ), M205C (ϩ), and wild type (f) after labeling with 10 M AlexaFluor-546 for 60 min. Table 1 shows the FRET efficiencies and corresponding intersubunit distances for the cysteine residues introduced into the 4B-4C loop of EAAT3. All of the intersubunit distances, except for Y162C, were in the range of measurements that we previously designated to be on the outer rim of the protein. We also showed previously that residue Met-207 is close to the center of the vestibule (4). Thus, it appears that the bulk of the 4B-4C loop lies on the outer perimeter of the transport protein, forming a loop that stretches outward from Tyr-162 and then back toward the center again between Met-205 and Ser-207. In Fig. 3 , we propose a model for the position of the 4B-4C loop.
We next tested whether the 4B-4C loop undergoes large conformational changes during glutamate uptake. We measured the intersubunit FRET in both sodium-free Ringer's solution (100 mM extracellular choline ϩ ) and sodium Ringer (100 mM extracellular Na ϩ ) containing 1 mM glutamate, conditions that favor extracellular-and intracellular-facing glutamate-binding sites, respectively (7). As mentioned above, the application of 1 mM glutamate induced currents in each of the fluorophore-labeled mutants, suggesting that the transporters function normally. However, as shown in Table 1 , the application of glutamate did not significantly change FRET efficiencies between the residues in the 4B-4C loop. This indicates that if conformational changes do indeed occur in this region during glutamate uptake, they are too small to be detected by FRET measurements.
We further tested the functionality of the 4B-4C loop by simultaneously recording currents and fluorescence emissions from AlexaFluor-546-labeled mutant transporters by using VCF. The addition of 1 mM glutamate induced a current that was accompanied by a fluorescence change in each of the mutant transporters (Fig. 4) . We have previously demonstrated that similar fluorescence changes in fluorophore-labeled EAATs are due to substrate-induced conformational rearrangements (6) in the transporter (7) . In this work, fluorescence changes were also seen in all but one of the mutants (E152C) when extracellular Na ϩ was replaced with choline (Fig. 4) . These findings suggest that the 4B-4C loop reports on conformational changes in the protein, changes that are due to sodium and glutamate binding and/or translocation. Interestingly, exceptionally large fluorescence changes were measured from M205C (Ͼ30%) compared with fluorescence changes seen from A430C (ϳ5%) in our previous work (7) .
It has been shown that Na ϩ -dependent transient currents occur in EAATs as a result of changes in membrane voltage, and that these transient currents are the result of binding and unbinding of Na ϩ ions to sites within the membrane electric field (14, 15) . These studies suggested that in the absence of glutamate and at voltages above 100 mV, glutamate transporters should primarily be in a Na ϩ -unbound state. Consistent with these results, our previous work on fluorophore-labeled EAAT3 A430C showed that at more negative potentials Na ϩ -dependent conformational changes are observed in response to changes in the membrane potential even in the absence of glutamate, and these conformational changes are not observed above 100 mV (7).
As mentioned above, fluorescence changes were seen in all but one of the mutants (E152C) when extracellular Na ϩ was replaced with choline. Three of the residues (Y162C, S173C, and S193C) showed voltage-dependent fluorescent changes similar to A430C, i.e. no fluorescence changes were seen above 100 mV. Interestingly, two of the residues within the 4B-4C loop, S183C and M205C, do report florescence changes at voltages above 100 mV in response to changes in Na ϩ concentration while in the absence of glutamate (Fig. 5,  A-C) . The mutant transporters were labeled with AlexaFluor-546, and voltage steps between Ϫ160 and ϩ160 mV were applied; the concentration of Na ϩ was varied from 0 to 200 mM while no glutamate was present. The different fluorescence intensities seen in the various sodium concentrations in Fig. 5A are presumably what cause the fluorescence changes for S183C and M205C observed at Ϫ80 mV in response to the removal of Na ϩ (Fig.  4) . At ϩ160 mV, the K m for Na ϩ binding was 66.2 Ϯ 12 mM with a Hill coefficient (n H ) of 2.4 Ϯ 0.4 (n ϭ 3) for S183C, and K m ϭ 84.6 Ϯ 8 mM with n H ϭ 2.8 Ϯ 0.3 (n ϭ 5) for M205C (Fig. 5, B and C) . For S183C at Ϫ160 mV, the K m for Na ϩ binding was 65.9 Ϯ 2 mM with n H ϭ 2.1 Ϯ 0.2, similar to the values at ϩ160 mV. The K m value for Na ϩ binding reported by M205C also did not change significantly over the range of voltages tested (K m ϭ 85.8 Ϯ 10 mM at Ϫ160 mV).
To determine whether S183C and M205C transport glutamate with the same stoichiometry as wild type, we examined the effect of varying the ionic concentrations on the glutamate transport reversal potential. Reversal potential shifts in S183C (Fig. 5, D and E) and M205C (data not shown) in response to varying external Na ϩ and glutamate concentrations were similar to what has been previously reported for wild-type EAATs (2, 16) . Thus, these mutations transport glutamate with a stoichiometry similar to that of wild-type EAAT3, i.e. 3Na ϩ :1 glutamate. Furthermore, both S183C and M205C have voltage-dependent Na ϩ transient currents, and these transient currents can be blocked by the addition of the EAAT blocker TBOA (Fig. 5F ). This demonstrates that S183C and M205C also have a voltage-dependent component for Na ϩ binding. Maximal fluorescence changes between 0 Na ϩ and 200 mM Na ϩ were up to 4% for S183C and 30% for M205C (Fig. 5 , B and C). These fluorescence changes were also saturable and are thus unlikely to be the result of direct effects of the membrane voltage on the fluorophore. Because glutamate was not present in the experiments, it appears that S183C and M205C report on voltage-independent Na ϩ binding to EAAT3 transporters, and that this voltage-independent Na ϩ -binding event precedes the binding of glutamate.
DISCUSSION
It was postulated previously that the 4B-4C loop may be accommodated within the extracellular vestibule of eukaryotic EAATs (3). Our intersubunit distance measurements, however, show that the probability of the data resulting from a process with a Hill coefficient of 1 is Ͻ0.01, and therefore, we reject the model with a Hill coefficient fixed at 1. C, representative dose-response curve for voltage-independent Na ϩ binding reported by M205C at ϩ160 mV in 0 -200 mM Na ϩ ; K m ϭ 76.7 Ϯ 7 mM and n H ϭ 2.54 Ϯ 0.4. D, S183C transporter current reversal potential shifts as a function of external Na ϩ concentration; slope ϭ ϩ81.52. E, S183C transporter current reversal potential shifts as a function of external glutamate concentration; slope ϭ ϩ29.69. The ratio of the slopes of D and E is 2.75, which is similar to that reported for wild-type EAAT3 and consistent with a transport stoichiometry of 3Na ϩ :1 glutamate. F, raw current traces showing Na ϩ transients from S183C in Na ϩ -Ringer (100 mM Na ϩ ) before (top trace) and after (bottom trace) the addition of 100 M TBOA.
indicate that the majority of the 4B-4C loop is located on the outer perimeter of the transporter protein, suggesting that it forms a loop that stretches from inside the vestibule to the outer edge of the protein and back toward the center again. It is possible that the 4B-4C loop extends out between TM 4A and the long extracellular loop that connects TM 3 and TM 4, and then fills the prominent intersubunit "crevices" described by the crystal structure of the bacterial transporter, Glt PH (3) (Fig. 3) . The location of the 4B-4C loop at the periphery of the EAATs may explain the difference in shape and volume when EM images of mammalian EAAT transporters are compared with the crystal structure of bacterial Glt PH (3, 17, 18) .
In this study, mutant EAAT3 transporters function normally when residues in the 4B-4C loop are covalently modified, suggesting that this region is not critical for substrate binding or for the translocation process. In addition, our FRET measurements do not indicate significant changes in the intersubunit distances during substrate binding and/or transport. In our VCF experiments, on the other hand, we detect changes in single fluorophore emissions from the 4B-4C loop in response to substrate application to the transporter. This demonstrates that these residues do indeed report on Na ϩ and glutamate binding, and potentially glutamate uptake as well. Taking into account both the FRET and VCF data, it appears that the 4B-4C loop undergoes only very small conformational changes, changes that are too small to be detected with FRET measurements. This is consistent with our previous results that suggest that small local conformational changes, rather than large global ones, mediate glutamate uptake in EAATs (4).
It is possible that some of the fluorescence changes observed in the 4B-4C loop are caused by the movement of another domain of the transporter relative to the 4B-4C loop and the fluorophore. For example, hairpin loop 2 (HP-2) has been postulated to be an important component of the glutamate-binding site and a potential external gate for the transporter (3, 19) . HP-2 lies directly above the beginning and end of the 4B-4C loop, which are near the center of the vestibule (Fig. 3) . Thus, it is conceivable that the large fluorescence changes observed from M205C, for example, could be attributable to HP-2 moving relative to M205C during substrate binding and/or uptake.
Previous work has shown that EAAT-specific transient currents occur in response to voltage steps in the presence of Na ϩ , and that these transient currents reflect voltagedependent binding and un-binding of Na ϩ ions to sites within the membrane electric field (20) . Our current studies using VCF demonstrate that the 4B-4C loop reports on an additional, voltage-independent sodium-binding event. This binding event was recorded in the absence of glutamate, suggesting that this voltage-independent binding of Na ϩ precedes glutamate binding in the transport cycle. The simplest explanation for this finding is that there are at least two independent Na ϩ -binding sites in each subunit of the transporter, one to which binding is voltagedependent and the other to which binding is voltage-independent (Fig. 6) .
It has been shown in wild-type EAATs that the uptake of one glutamate is coupled to the uptake of three Na ϩ ions (2, 16) , where at least one Na ϩ binds to the transporter after glutamate (21, 22) . Therefore, a maximum of two Na ϩ are thought to bind before each glutamate. At least one of these two Na ϩ binds in a voltage-dependent manner (7, 20, (23) (24) (25) (26) . This is also true for the EAAT3 mutations S183C and M205C (Fig. 5F ). Interestingly, we find that the Hill coefficient for voltage-independent Na ϩ binding in the absence of glutamate is between 2 and 3 ( Fig. 5, B and C) . This leads to the following paradox: Even though there are at most two coupled Na ϩ ions that bind before glutamate, and one of these two Na ϩ ions binds in a voltage-dependent manner, the Hill coefficient for the fluorescence suggests that there is a voltage-independent binding of 2 or more Na ϩ ions. This would suggest that there are more than 2 Na ϩ ions (at least one voltage-dependent and two or more voltage-independent) that bind before glutamate. So where do the additional Na ϩ ions come from? Cooperativity between the individual subunits of glutamate transporters for the binding of Na ϩ would provide an explanation of all the data. In other words, the Hill coefficient of Ͼ2 may reflect cooperativity between the three subunits of the glutamate transporter for the voltage-independent binding of one Na ϩ to each subunit. Because TM 4, and presumably the 4B-4C loop, is located directly between subunits, these regions could potentially transmit and report on cooperative conformational changes induced by Na ϩ binding. The cooperativity between subunits suggested here does not necessarily contradict earlier work, including our own, which demonstrated that glutamate transporter subunits could independently mediate glutamate-acti- vated currents (4, 5, 27) . These studies measured two separate events; in the present study, we suggest a cooperative effort between subunits for the binding of Na ϩ , whereas the previous work showed that glutamate can activate a current in each independent subunit of an EAAT multimer.
An alternative explanation for our results is that S183C reports on the binding of additional Na ϩ ions that are not stoichiometrically coupled to glutamate transport, and that the binding sites for these ions are located outside of the membrane electric field. The role of these ions could potentially be for allosteric modification of the protein or for the creation of a binding site for another molecule. However, the voltage-independent Na ϩ ions could very likely belong to the stoichiometrically coupled Na ϩ ions, because the K m value for the voltageindependent binding of Na ϩ is in a similar physiological range as that of the stoichiometrically coupled Na ϩ ion(s) which precedes glutamate binding (7, 20) . In addition, the increased Hill coefficient that we find for voltage-independent Na ϩ binding is not unusual and does not necessarily reflect uncoupled ions, as previous studies have also measured high Hill coefficients (Ͼ3) for the binding of Na ϩ ions required for glutamate uptake (21, 28) .
Our data indicate that the 4B-4C loop is as follows: 1) it is not crucial to binding or transport, and 2) it is located on the outer perimeter of the protein away from the glutamate-binding sites located in the center of the subunits (3); yet, 3) the 4B-4C loop still reports on substrate-induced conformational changes, including that of a previously undetected voltage-independent Na ϩ -binding event. The fact that regions far from the glutamate-binding site report on substrate binding suggests that the glutamate transporter is a dynamic and flexible molecule, where changes in one region of the protein can extend to more distal domains. In agreement with this, we have not yet found a single residue in the protein that does not report on fluorescence changes during either Na ϩ or glutamate binding. 3 The fact that different types of fluorescence changes are induced by binding of the different substrates suggests that substrate uptake may be accomplished by a series of small conformational changes in the binding site(s); these conformational changes may be extended to or "felt" in regions that are further away, such as the 4B-4C loop. The role of the 4B-4C loop in glutamate transport is as yet unknown. In the bacterial crystal structure, it can be seen that TM 4 forms intersubunit contacts. Thus, this entire domain itself or specifically the 4B-4C loop may be important in stabilizing these intersubunit contacts and the oligomeric structure of the transporter. In light of our recent findings, it may also be that this region is important for coordinating the cooperativity of the three subunits for the binding of Na ϩ ions.
